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ABSTRACT 
 
Rapid prototyping of composite tooling is a fast growing field of research as the 
manufacturing industry pushes for easily adaptable, cheaper and higher performance 
production techniques. Currently, traditional tooling methods are still being used in majority 
of the manufacturing industry, however with growing research development, rapid 
prototyping of tooling is becoming increasingly popular. Airbus Helicopter Composites 
(AHC) is looking to identify the benefits and feasibility of applying 3D printing technology to 
their current methods of aircraft part production. The main requirements of the tooling are that 
it is economical to the business with low lead times, durable and consistent, has a low 
coefficient of thermal expansion, and is compatible with layups. These criteria have been 
investigated analytically and experimentally, and a comparison to conventional manufacturing 
highlights the advantages and disadvantages of both tooling methods. A summary has been 
made available to AHC, along with a detailed performance, economic and feasibility analysis. 
This will enable AHC to implement further developments of rapid prototype tooling and 
ensure company profitability. 
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1 INTRODUCTION 
 
Manufacturing is the backbone of all industrialised nations. In Australia, the transport, 
construction, defence and mining industries all heavily rely on manufacturing. Approximately 
20-30% of the GDP value is influenced by the products manufactured (Department of 
Industry and Science Annual Report, 2014-2015). This implies that the level of manufacturing 
activity directly relates to the economic health of the country. Therefore, it is important to 
maintain high volumes of manufactured components. 
1.1 ENGINEERING DESIGN AND MANUFACTURING 
Engineering design and manufacturing are intimately interrelated. Each product produced by 
a company or organisation must be designed so that it meets design criteria and specifications, 
and can be manufactured economically with relative ease. Productivity is always being 
analysed and improved so that a manufacturer can remain competitive. The flowchart in 
Figure 1 summarises a standard manufacturing process. Ideally, the time between ‘Concept’ 
and ‘Released Design’ is to be minimised in order to reduce the manufacturing time and 
increase productivity. 
 
 
Figure 1 Generic Manufacturing Process (Innovative Engineering, 2016) 
 
Engineering designs are being developed and improved at an increasingly large rate. 
Manufacturing industries are therefore required to cope with increased demand by using 
efficient technologies to convert raw materials into the designed products. Over the last 50 
years, manufacturers have relied on tooling to produce components. With new and improved 
technologies being required and designed, the demand of components has increased, and new 
economical methods of tooling need to be utilised. 
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1.2 AIRBUS HELICOPTER COMPOSITES 
Airbus Group Australia Pacific, ‘delivers new Airbus Helicopters machines and supports 
more than 500 aircraft through a network of local facilities’ (Airbus Group, 2016). The Airbus 
Helicopter Composites (AHC) Brisbane branch is mainly responsible for the maintenance of 
aircraft components. This includes part fixing and/or replacement as required. This process 
can sometimes be time consuming and consequently AHC is looking for methods to improve 
their current systems by integrating new cost reducing solutions to the manufacturing phase. 
 
With increasing modern development in helicopter design, helicopter capabilities have 
improved dramatically. The amount of load that can be carried has increased dramatically, 
allowing for components with more strength and weight to be carried by the helicopter. 
Therefore, optimising the manufacturing cost of components is a greater priority to the 
company than reducing the weight. 
1.3 TOPIC DEFINITION – COMPOSITE TOOLING 
Tooling is used to produce majority of helicopter components such as doors for the Tiger 
HADs, nose cones for missiles and air intake manifolds for civilian helicopters. AHC has 
identified that the lead times associated with producing tooling take up a significant time in 
the manufacturing process. In order to reduce lead time, AHC is investigating using 
alternative tooling production methods. 
 
It has been identified that out-of-autoclave (OOA) production of tooling will drastically 
reduce manufacturing costs. Although autoclaves are able to produce components cured at 
high temperatures and pressures, the cost per kilowatt-hour makes the running time very 
expensive. On average, running an autoclave costs between $500-$3000 per run depending on 
sample size, cycle duration and electricity prices.  Cycle duration can range from 30 minutes 
to 6 hours (Airbus Group, 2016). Additionally, maintenance and training costs are high, and 
safety requirements are also of high standards. 
 
AHC have approached UQ to test several Rapid Prototyping (RP) methods which can be used 
in the production of a generic tooling design. From this, a final tooling production method is 
to be selected which is feasible and cost effective in the manufacturing of components. The 
method will be selected based on the tooling applications, complications and performance 
criteria as required by AHC. These are summarised in Table 1 below. 
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Table 1 Tooling Applications, Challenges and Performance Criteria 
Application and 
Requirements 
Challenges Performance Criteria 
 Variable tooling design, 
shape and size 
 Layups of 
preimpregnated 
composite M18/1 need 
to be performed on the 
tooling 
 Damage caused on the 
workshop floor 
 Tooling is the main 
component and defects 
directly affect 
production time 
 Replacing tooling is a 
time consuming 
procedure, with up to 
four weeks of lead times 
 Low production and 
manual labour costs 
 Low lead times 
 Dimensional stability i.e. 
low thermal 
deformation, and 
coefficient of thermal 
expansion 
 Exceptional cycle life 
1.4 AIMS AND OBJECTIVES 
The aim of this project is to identify a method of rapid prototyping tooling production that is 
cost effective, reduces lead time, and is able to withstand high curing temperatures with 
minimal deformation. Particular focus is to be on 3D printing of composite tooling including 
experimental tests and analysis of deformation. A final recommendation is to be provided to 
AHC based on literature research and test results. In order to achieve the aim, the following 
are required: 
 An understanding of the requirements of tooling in industry, and specific to AHC, 
such that test results can be benchmarked 
 Research of low cost tooling methods and current industrial applications 
 Analysis of low cost tooling methods including lead times, production times, 
deformation after curing 
1.5 DELIVERABLES 
The major deliverable of this project is to produce a succinct thesis that documents the 
research, testing procedures and results obtained over the course of the project. The expected 
outcomes and deliverables to be documented in this thesis are as outlined below: 
1. Economical to business with low lead times 
2. Durable and consistent performance through several cure cycles 
3. Dimensional stability – low coefficient of thermal expansion (CTE) 
4. Operational ease – layups of composites need to be easily performed on tooling 
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1.6 SCOPE 
The scope of this project has been summarised in Table 2 below. 
 
Table 2 Scope 
In Scope Out of Scope 
 Literature Review of common rapid 
prototyping techniques 
 Analysis of case studies of tooling 
failures at AHC including the use of 
tooling foams, aluminium and Invar 
tooling 
 Analysis of lead times in the CNC 
processes at AHC 
 Research of UQ 3D printing process 
including Selective Laser Sintering and 
Fusion Deposition Modelling 
 Implementation and integration strategy 
 Other rapid prototyping tooling methods 
such as virtual prototyping and 
incremental sheet forming 
 Optimising 3D printer machine 
capabilities 
 Different layup techniques 
 Cure cycles other than 120°C with a post 
cure at 180°C 
 Mechanical testing of cured M18/1 parts 
 Deformation trend over more than one 
cure cycle 
 
1.7 INDUSTRIAL RELEVANCE 
Should the chosen rapid prototyping method prove to be cost effective and fulfil the design 
requirements for tooling, it will not only benefit AHC but also other companies that use 
tooling as part of their manufacturing process. The information and outcomes of this thesis 
will be of benefit to those industries which are considering converting their manufacturing 
processes from autoclave to out of autoclave. A combination of theory and experimental 
results will provide guidance on which tooling method will be advantageous for the intended 
purpose. Companies will also be able to consider investing in the necessary equipment in 
order to reduce lead times, and avoid outsourcing to subcontractors. Once the mechanical 
properties and durability of the components is determined, the use of 3D printing for 
industrial applications other than composite tooling can also be identified, as additional cost 
saving techniques. 
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2 LITERATURE REVIEW 
 
There are several published articles which discuss the use of rapid prototyping of composite 
tooling. These articles have been researched in order to provide sufficient detail on the 
processes and techniques used in the part production. 
2.1 RAPID PROTOTYPING 
Rapid Prototyping (RP) refers to techniques which, “produce shaped parts by gradual creation 
or addition of solid material, therein differing fundamentally from forming and material 
removal manufacturing techniques” (Kruth, Leu et al. 1998). Rapid prototyping is used in a 
variety of industries to rapidly fabricate a physical part or assembly before final release or 
commercialisation. The manufacturing method has proved itself useful as a technology that 
speeds up the iterative product development process, especially where it has been necessary to 
produce a single prototype of a designed part or system before investing into assembly lines. 
2.1.1 Rapid Prototyping Techniques 
Usually computer aided design (CAD) software is used in conjunction with additive layer 
manufacturing technologies to construct the part. Parts are made by adding material in 
iterative layers. Each layer is a thin cross-section of the part derived from the original CAD 
data. Hence, the advantage of saving time is not only during the production of parts, but in the 
entire product development process with the constant use of computer technologies. 
 
Rapid prototyping can not only be used to create prototypes of final components, but also to 
produce the final components themselves. However, often a different technique is used in 
order to ensure mechanical performance. Additive rapid-prototyping operations consist of the 
below methods which all use a layer by layer approaches for production (Nogita, 2016): 
 
 Stereolithography (SLA) 
 Multijet and Polyjet modelling 
 Fused-deposition modelling (FDM) 
 Ballistic-particle manufacturing 
 Photopolymerisation processes 
 Extrusion based processes 
 Three-dimensional printing (3D 
printing) 
 Selective laser sintering (SLS) 
 Electron-beam sintering 
 Laminated-object manufacturing 
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As manufacturing is an iterative process, the use of these techniques reduces the time taken 
for the conceptual design to be produced for initial testing. Clients are also able to visualise 
their product prior to any significant production developments being made. Therefore, as lead 
time and production time decreases significantly through the use of rapid prototyping 
techniques, the products can be made available to the market quicker. 
 
The use of rapid prototyping techniques can be optimised by correct application to purposes 
where their design properties will be most suitable to performance. The classification of 
common rapid prototyping techniques can be seen in Figure 2 below. The most common rapid 
prototyping techniques that are used in the production of aerospace components are 
highlighted also, and will be investigated further. 
 
 
 
 
 
 
 
 
 
 
Figure 2 Classification of RP Techniques (Pham & Gault, 1998) 
2.1.2 Benefits and Limitations 
Table 3 below lists the advantages and disadvantages of using rapid prototyping as applicable 
to current tooling applications. 
 
Table 3 Benefits and limitations of Rapid Prototyping 
Benefits Limitations 
 Physical models of parts can be 
produced from CAD data files 
 Prototype can be used to produce final 
parts 
 Prototype can be used in subsequent 
manufacturing 
 RP can produce actual tooling for 
manufacturing operations 
 Only economically viable for small to 
medium production assembly lines 
 Printing of parts is limited by the size of 
printer 
 Surface finish limitations mean that post 
curing may be required 
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2.2 ADDITIVE MANUFACTURING 
Additive Manufacturing (AM), also referred to as Direct Digital Manufacture (DDM), utilises 
rapid prototyping technologies to manufacture components directly from CAD data (Nogita, 
2016). Technologies which are capable of translating virtual solid model data into physical 
models using a simple and efficient process are defined as additive manufacturing processes. 
Traditionally additive manufacturing is used for structures which are difficult to make using 
traditional casting or machining processes. 3D printing is one method of additive 
manufacturing process that fabricates three dimensional parts using printing technology. 
 
Most engineering designs have a high cost, time and labour associated with their process 
planning and production phases, especially where large production and assembly lines are of 
concern. The basic principle of additive manufacturing is that a model, initially generated 
using a 3D CAD system, can be fabricated directly without the need for process planning. 
 
Additive manufacturing considers the following three categories of the design: 
 Form – shape and general purpose of a design 
 Fit – improved accuracy in the process meant that components were capable of being 
built to the tolerances required for assembly purposes 
 Function – improved material properties meant that parts could be properly handled 
and therefore assessed according to how they would eventually work 
 
The eight major steps of additive manufacturing are as summarised in Table 4. 
Table 4 Eight steps of Additive Manufacturing 
Step 
number 
Title Description 
1 Conceptualisation and 
CAD 
Design an appropriate model 
2 Conversion to STL Standard input file format in AM technologies 
3 Transfer to AM machine 
and STL file manipulation 
Aligning orientation of the part to be built and check 
location of the part 
4 AM machine set up Set up processing parameters, thickness of layers 
(usually 0.1mm), nozzle travelling speed, power, 
distance from nozzle to already built surface 
5 Build Proceed with the entirely computer controlled process 
6 Removal and clean up Separate part from build platform, remove debris 
7 Post-processing Surface finishing and painting, infiltration and 
possible heat treatment 
8 Application Check properties 
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2.3 RAPID PROTOTYPING TO ADDITIVE MANUFACTURING 
The most important benefit of the additive rapid prototyping process is that it can be used to 
manufacture ready to use components, not simply prototypes. Rapid prototyping normally 
works best with soft materials such as wax and plastic. On the other hand, additive 
manufacturing can be used to produce components made of various materials such as 
polymers, metals and ceramics. Rapid prototyping is generally more concerned with the shape 
of the prototype, whereas additive manufacturing can also be better tailored to consider the 
mechanical properties required to meet the design requirements. Basically, rapid prototyping 
is simply a model making technique whereas additive manufacturing technology develops the 
materials accuracy, and improves quality of the output material. Table 5 summarises the 
benefits and limitation of additive manufacturing. 
 
Table 5 Benefits and Limitations of Additive Manufacturing 
Benefits Limitations 
 Reduction in process steps 
 Reduction in manufacturing processing 
period, buy-to-fly ratio and therefore a 
significant reduction in overall costs 
 Reduction in number of resources 
required and material waste 
 Uncomplicated process 
 Overcomes long standing issues 
associated with conventional 
manufacturing process such as material 
low castability, poor machinability, 
geometrical complexity 
 Capability to fabricate multiple-
materials components 
 Models can be designed to suit 
individual needs as no bulk 
manufacturing is required 
 Building large components is still a time 
consuming process 
 Property control is difficult – currently 
only components with anisotropic 
properties are produced 
 The effects of AM processing 
parameters on mechanical properties of 
the AM built components are still 
beyond full understanding 
 Special materials may be required for 
using AM to fabricate components 
required to have high strength, high 
ductility and high toughness. Therefore, 
applications to the aerospace industry 
can sometimes be limited 
 
2.4 OPERATION/PROCEDURE 
Stereolithography (SLA), Fusion Deposition Modelling (FDM) and Selective Laser Sintering 
(SLS) are common rapid prototyping techniques which are typically used for medium sized 
products where a longer service life is desired. Applications to larger parts is limited due to 
equipment capabilities and economic considerations. The procedures for these techniques is 
as follows. Key properties are summarised in Figure 6. 
 
9 
 
2.4.1 Stereolithography 
Stereolithography (SLA) is often considered the pioneer of the additive manufacturing 
processes, with the first production systems introduced in 1988 and patented by 3D systems 
founder Charles Hull (3D Systems, 2015). A UV laser beam is programmed to directly shine 
on a UV photopolymer resin surface, solidifying the resin. This beam is also programmed to 
trace the boundary of the material and fill in the areas of the 2D cross section. The build 
platform submerges into the resin as each layer is built. Once complete, the part is raised out 
of the resin and placed in a UV oven for final curing. After some post processing, the part is 
ready. This process is described in Figure 3. 
 
 
 
 
 
 
 
 
Figure 3 SLA process 
SLA can be used to produce large parts using a wide range of materials such that specific 
characteristics can be achieved, individual to the part being produced. However, only 
photopolymers which are not stable over time can be used which do not have well defined 
mechanical properties. Other materials increase the cost and lower the build process speed. 
The benefits of the SLA technology include a high precision, surface finish and high heat 
resistance. There are also a wide variety of material and post processing options available to 
individually tailor the part to its required performance criteria. Therefore, SLA can be used 
for: 
 Proof of Concept Prototypes – including fine details, good accuracy and surface 
finishes 
 Engineering Proving Models (Design Verification) 
 Investment Casting Patterns 
 Jigs and Fixtures 
 
The build envelope is approximately 2.1x0.7x0.8m2 with a tolerance range of 0.15mm and the 
smallest layer thickness of 0.016mm (Additively, 2016). 
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2.4.2 Fusion Deposition Modelling 
Fusion Deposition Modelling (FDM) is an additive manufacturing process that builds parts 
using a layer-by-layer process from the base of the model to the top (Stratasys, 2016). A 
thermoplastic filament is heated and extruded in order to deposit the layers. Essentially, the 
part is produced in three steps. An initial pre-processing stage, where the modelling software 
manipulates a 3D CAD file and calculates a design path to extrude the thermoplastic and any 
necessary support material. Next, the 3D printer heats the thermoplastic to a state where it 
behaves as a semi-liquid past their glass transition temperature. The thermoplastic is deposited 
by the extrusion head as ultra-fine beads along the CAD designed extrusion path, moving in 
the horizontal and vertical directions as seen in Figure 4. The thermoplastic bonds to the 
previously deposited layer and hardens, completing the part. 
 
Figure 4 Fusion Deposition Modelling (CustomPartNet, 2008) 
The layer thickness and vertical dimensional accuracy is dependent entirely on the extruder 
die diameter which can range from 0.127-0.3302mm. This is the stage where a removable 
material can be deposited which acts as scaffolding and provides a support for the structure. 
There are several support structures including (Stratasys, 2016): 
 Wax support material 
 Break away support material 
 Soluble support material 
 Sacrificial tooling material 
 
The final stage is post-processing where the support material is removed or dissolved in an 
appropriate solvent. Factors that affect quality of the 3D printed part are as listed below: 
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 Droplet impact velocity 
 Print head sweep speed 
 Cooling rate 
 Solidification contact angle 
The advantages of the FDM process are that thermoplastics such as acrylonitrile-butadiene-
styrene (ABS), polycarbonate, polyphenylsulfone and elastomers can be printed. A small 
thickness and tolerance of 0.127mm can be produced which provides a capacity for complex 
geometries and cavities that would otherwise be problematic to become practical. The 
products have a high thermal and chemical resistance and excellent strength-to-weight ratios. 
The disadvantages of this technology are that the maximum part size is limited to 
approximately 0.9 x 0.6 x 0.9m2. The surface finish is also quite rough and the instruments 
have a slow build speed. 
A typical FDM medium sized layup tool takes only about $400, but 8 hours to produce 
(Stratasys, 2016). The FDM technology is clean as the support production-grade 
thermoplastics are environmentally friendly. 
2.4.3 Selective Laser Sintering 
Selective Laser Sintering (SLS) technology uses a laser beam to fuse grain particles of 
materials such as plastics, ceramics, glass and metals. The pattern is traced by scanning cross 
sections of the CAD design and then sintering the surface of the powder bed. After each cross 
sectional pattern is traced on the powder bed, the bed is lowered and the next layer is built on 
top of the existing layer (3D Systems, 2016). In this fashion, the process continues until the 
entire part is complete, as shown in Figure 5. The reliance on a bed of powder means that SLS 
does not require a support structure in order for the model to be sintered (Stratasys, 2016). 
Thus, complex geometries can be created, there is no damage to the final part as support 
structures need to be removed, weak joints can be alleviated, and interior components can be 
sintered so that assembly time can be reduced. 
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Figure 5 SLS Process (Materialgeeza, n.d.) 
The benefits of SLS are that durable, functional parts with high complex geometries can be 
created. This is ideal for parts which require high heat requirements or chemical resistance. 
Parts with mechanical joints, snap fits or living hinges can be produced, and a wide variety of 
materials are available (Protosys Technologies, 2005). Therefore, SLS can be used for durable 
parts in industries such as: 
 Aerospace and Military Hardware 
 Electronics; Packaging, Connectors 
 Functional Proof of Concept Prototypes for Engineering Design Verification 
 Injection Mould Inserts 
 
As SLS is a relatively new technology, low volume rapid prototyping production lines have 
been produced. It is used in majority for prototype parts in the early stages of the design cycle. 
The time and cost benefits for small-run parts are apparent as functionality, strength and 
complexity is not a hindrance to the printing process. 
A summary of the processes discussed above is provided in Figure 6 below. 
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2.5 RAPID TOOLING VS CONVENTIONAL TOOLING 
Industries that use rapid prototyping for tooling include aerospace, architecture, automotive, 
consumer goods and medical. The rapid manufacturing process utilises rapid tooling to make 
patterns for common investment casting through integral use of CAD technologies. The chill 
and cooling channel placement in moulds can be optimised and thus shrinkage can be 
compensated. Through this process, the high cost of labour and short supply of skilled 
workshop technicians can be overcome. 
 
Because of the reduction in production steps with RP, there is a significant reduction in lead 
time, production time, cost and manpower for this process. Beneficial outcomes of this are 
than if a part fails, it can easily be reproduced, and design accuracy can be maintained. Table 
6 below highlights the reasons that industries are preferring to use rapid tooling rather than 
conventional tooling. 
 
Table 6 Contrast between Rapid Tooling and Conventional Tooling (Shan, Yan, Zhang, Lu & Guan, 2003) 
 Fabrication 
time and 
cost 
Accuracy 
and surface 
finish 
Concerns over 
tool 
modifications 
Process 
Tooling 
life 
Tooling 
types 
Conventional 
Tooling Affected by 
complexity 
Highly 
accurate with 
excellent 
surface finish 
Major – entire 
production 
assembly has to 
be redesigned 
Many steps 
prior to final 
part 
assembly 
High 
volume 
capability 
Hard 
tools 
Rapid 
Tooling Not affected 
by 
complexity 
Good 
accuracy and 
excellent 
surface finish 
Minor 
Direct CAD 
use leading 
to efficient 
prototyping 
Small or 
medium 
volume 
capability 
Rapid, 
soft, 
bridge, 
hard 
tools 
Figure 6 SLS, FDM and SLA Operations (Kruth, Leu, & Nakagawa, 1998) 
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2.6 MECHANICAL PROPERTIES 
Several mechanical properties are being compared in this thesis, each with their own 
relevance to the project. The contributions to the final selectin of composite tooling are 
significant and so their theoretical background needs to be comprehensively researched. The 
following sections provide a thorough overview of the specific mechanical properties that will 
be helpful in the later analyses. 
2.6.1 Coefficient of Thermal Expansion 
The Coefficient of Thermal Expansion (CTE) is a material property that is indicative of the 
change in volume of an object as a response to a variation in temperature at a constant 
pressure. As a change in temperature results in heat transfer through the entire volume of the 
body of the entire material, CTE can be calculated as a linear expansion, area expansion and 
volume expansion, as seen by the equations below (ASM International, 2016). Basically, this 
is the fractional change degree of expansion divided by the change in temperature. If the 
material is anisotropic, αv depends on the crystallographic direction along which it is 
measured. A material is known as isotropic if the expansion occurs at the same rate in every 
direction. Anisotropic materials generally have different linear expansion coefficients αL in 
different directions. 
 
Linear Expansion Area/Superficial Expansion Volumetric Expansion 
∆𝐿
𝐿0
= 𝛼𝐿∆𝑇 
∆𝐴
𝐴0
= 2𝛼𝐴∆𝑇 
∆𝑉
𝑉0
= 𝛼𝑉∆𝑇 
 
The general volumetric thermal expansion coefficient is given as: 
𝛼𝑣 =
1
𝑉
(
𝜕𝑉
𝜕𝑇
)𝑝 
The basic principal is that bond energy increases when a material is heated, the molecules 
begin kinetic motion which leads to an expansion in the volume. The sample would contract 
should it be cooled, as a result of the molecules losing kinetic energy, leading in a negative 
thermal expansion. If the equation of state is known, a CTE value can be calculated for any 
given material. 
 
The residual stresses within carbon fibre reinforced polymer matrix composites are significant 
due to possible mismatch of the thermomechanical properties of the fibre and matrix. 
Properties such as CTEs, moduli and degree of anisotropy directly impact the composite 
properties and as such may be a cause of failure or permanent damage even prior to 
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commencing service loading  (Raghav, 2004). In order to optimise processing parameters, 
CTEs need to be accurately measured so that residual stresses are incorporated within the 
tooling design. 
 
Measurements of the CTE depend on the displacement and temperature which are the two 
main physical quantities. Three of the main techniques used for CTE measurement are 
dilatometry, interferometry, and thermomechanical analysis. 
 
2.6.2 Heat Deflection Temperature 
The Heat Deflection Tempearture (HDT) of a material indicates the temperature at which a 
polymer deforms under a specified load. The most important application of the HDT is the 
provision of a relative service temperature for a polymer blend to operate at, when used in a 
load bearing application. This is essentially the short-term heat resistance value in order to 
differentiate between materials which can sustain low loading at high temperatures, and those 
that lose their rigidity over a narrow temperature range. For carbon fibre reinforced polymers, 
the HDT will often approach the melting point of the base resin (MatWeb, 2016). 
 
In order to determine HDT value, a three-point bending test is performed with the outer fibre 
stress used for testing being either 0.455MPa or 1.82MPa, as outlined in the ASTM D648 and 
ISO75 Method A and B standard. The sample is lowered into a silicone oil bath where the 
temperature is then increased at a rate of 2°C/minute until the specimen deflects at an 
arbitrary value of 0.25mm (Intertek Group, 2016). 
 
These tests provide appropriate results for majority of the samples however there are some 
limitations when analysing thicker samples. Thicker samples which are not thermally 
isotropic contain a temperature gradient which can affect the HDT values. The dimensions of 
the sample can also affect the final HDT value, as the stress experienced by the component 
can change at different points. Therefore, care needs to be taken when using the HDT value 
alone as a means to producing results. Usually, the HDT results are used in conjunction with 
other mechanical factors in order to produce accurate material operational data. 
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2.6.3 Surface Roughness 
The importance of testing surface roughness is evident as it is an integral tool through which 
the mechanical performance of a component can be predicted. Intuitively, it can be noted that 
low quality of surface finish can lead to an increase in post-processing costs including 
aesthetics and mechanical properties of the parts in the production process and the 
application. Using surface roughness tests, irregularities in the surface can be identified, 
including areas of nucleation sites for cracks and corrosion. These can be identified through 
the results of the roughness tests. 
 
Roughness is quantified by the deviations in the direction of the normal vector of a real 
surface in its ideal form (Springer, 2016). A surface is classified as rough if the specimen 
contains large deviations and smooth if only small deviations are present. There are two 
representations of roughness, being the Roughness Average (RA) and the RMS values. The 
Roughness Average (RA) is calculated from the average value of the profile height 
deviations, that is the microscopic peaks and valleys, measured of the sample. RMS as 
described in ASME B46.41, is calculated as the Root Mean Square of a surface’s measured 
microscopic peaks and valleys, as per the formula below (Harrison Electropolishing, 2016). 
𝑅𝑀𝑆 = √
∑ 𝑎𝑖
2𝑛
𝑖=0
𝑛
 
In the same sense, sometimes surface roughness can be a desired property which assists with 
the adhesion of two materials. In relation to the tooling mould, the surface texture of the 
mould affects the conformance of the composite that is to be used in the layup. A trade-off 
needs to be found where the roughness is not so large that the finishing surface of the part is 
affected, but also high enough that the tooling material and the composite can bind well. 
Surface roughness is difficult to control in manufacturing, especially with large volumes of 
tooling. If simple techniques such as sanding are not sufficient to improve surface finishing 
(leading to an RA of 25µm), abrasive techniques such as polishing and grinding need to be 
employed (leading to an RA of 8µm), which dramatically increase the cost of production. An 
ideal balance of manufacturing cost of the component and the performance in application has 
to be found. 
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2.7 CNC MACHINING 
Creating tooling from CNC machining has been used for many years in the manufacturing 
industry. Unlike 3D printing, CNC is a subtractive rapid prototyping technique. The process 
simplicity depends on the level of difficulty of the part that is to be machined. The first step is 
to identify what the tooling material should be. Figure 7 below shows the properties of some 
common tooling materials. 
 
Figure 7 Properties of Tooling Materials (Campbell, 2004) 
Almost any engineering material can be CNC machined from aluminium and steel, to foam. 
The tooling selection is what determines the quality of the final product that is then machined. 
It is very important that the correct tooling materials is chosen to CNC the part. The tooling 
selection should be based on (CNC Programming, n.d.): 
 
 the machine being used, 
 the material being used, 
 customer needs, and 
 specifications of the tool to be used. 
 
The method of the actual CNC machining is highly automated and make use of the CAD and 
CAM programming. The CNC machine is programmed converting the design into 
coordinates. Required information is extracted to operate the machine from the software, 
which program the X, Y and Z coordinates, enabling the tool head to move. These series of 
steps guide the tooling so that the part is matched as closely as possible to the original CAD 
design. Tools that can be controlled in such a way include lathes, mills, routers and grinders. 
Accuracy, speed and repeatability are the key aspects that separate a well machined tool from 
an average machining. 
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2.8 M18/1 COMPOSITE 
HexPly M18/1 is a high performance thermoset epoxy matrix for use primarily in aerospace 
structures. The composite is used often due to its tough and self-extinguishing properties. It 
also exhibits low moisture absorption at saturation. The carbon fibres are unidirectional 
woven, providing improved mechanical properties. Initial development of the composite was 
so that the material could operate in high temperature environments up to 135°C for 
continuous service temperatures. 
 
At Airbus, M18/1 is commonly used for lay ups in helicopters for example, NH-90 
helicopters. Due to the common structural applications, M18/1 was selected to help achieve to 
set goals of this project, that is, help the selection of an appropriate rapid prototyping tooling 
composite. Review of performance literature and manufacturer data indicated that the 
autoclave curing cycles could reach a maximum curing temperature of 180°C for two hours 
under a pressure of 4-7 bars. Hexcel then recommended an initial two hour dwell at 120°C 
followed by another round of curing at 180°C. 
2.9 COST AND TIME REDUCTION 
Figure 8 shows that when compared to conventional manufacturing technologies, additive 
manufacturing has a clear benefit in terms of cost and time reduction. 
 
 
Figure 8 Cost Comparison of Conventional and  Additive Manufacturing (Deloitte University Press, 2014) 
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Conventional manufacturing methods require a high principal costs and require a large 
number of units to be produced prior to breaking even on the initial start-up costs. Additive 
manufacturing maintains a consistent cost per unit manufactured throughout the duration of 
production, thus making it a more viable option when producing a low to medium number of 
components. Improvements to materials and equipment will serve to reduce cost and further 
reinforce that the breakeven point might occur at larger unit production quantities. Therefore, 
additive manufacturing would provide further competition to traditional manufacturing 
methods. 
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3 ANALYSIS OF TOOLING FAILURES AT AHC 
 
The research formed in the literature review was developed further by analysing the major 
tooling failures that had occurred at AHC. This provided an opportunity to identify which 
tooling materials had failed, the method of the failure, and which criteria the selected 
composite tooling would have to fulfil in order to avoid such failures in the future. 
 
One of the main problems faced in analysing previous tooling failures at AHC was the limited 
documentation of these failures. It was discovered that majority of the tooling failure analysis 
was recorded in email correspondences which were not saved. Hence, a strong documentation 
chain was never created. Ultimately, it was determined that in the case of the TC460 Ultra 
High Temperature Tooling Board, the cause of failure was the use of an AHC standard ramp 
down rate, which is ten times the manufacturer recommended rate. As the slower ramp down 
rate is not economical for AHC, it was not used. This led to the internal stresses of the system 
causing cracking. 
 
However, the other limiting factor came as a result of AHC not having a well-documented 
oven operation regime. The oven technicians lacked knowledge on how to modify oven 
curing cycles. These processes were required to be constructed by the work experience 
students as well as the thesis students. This procurement of information by several parties led 
to a major time sink and resulted in delayed results as well as incomplete analysis of problem 
definition. The direct impact on the tooling failures analysis was that it could not be 
confirmed whether in fact the said cause of failure was actually what occurred during tooling 
testing. 
3.1 ALUMINIUM AND INVAR TOOLING 
Aluminium and Invar tooling proved strong and durable for several hundreds of cycles. 
Failure was not as frequent as the trials run on the tooling foam. These parts were replaced if 
required, keeping in mind that the lead times had to be factored in. The tooling that failed 
most frequently was the use of high temperature tooling boards. 
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3.2 TOOLING FOAMS 
Two types of tooling foams have been used for layups by AHC in the past. The one of most 
interest was the TC460 – Ultra High Temperature Tooling Board. The material properties are 
given in Table 7 below: 
 
Table 7 TC460 - Ultra High Temperature Tooling Board Material Properties (Trelleborg AEM, 2016) 
Property Test Method Value SI Units 
Colour - Purple - 
Density BS EN ISO 1183-3:1999 740 kg/m3 
Shore Hardness ISO 868:1998 78 D 
Uniaxial Compressive Strength BS EN ISO 604 51 MPa 
HDT BS 2782 232 °C 
CTE BS 4618 3.1 31 x10-6/°C 
 
Trelleborg TC460 is an ultra-high temperature and low density syntactic epoxy tooling board. 
It is designed to produce high-strength and dimensionally stable tooling board for 
preimpregnated layup moulds (Trelleborg AEM, 2016). The main criteria that is met by this 
tooling board is that a light weight, durable, CNC machining board with close tolerances can 
be produced. The other criteria include: 
 Excellent dimensional stability and temperature resistance, 
 Smooth, non-porous surface finish, 
 Low coefficient of thermal expansion, and 
 Consistent and reliable performance. 
The tooling board can be built using carbide of diamond coated saw blades or cutting wheels. 
An adhesive bonding is required to be used in order to produce large patterns. The adhesive 
system recommended by Trelleborg is epoxy adhesive 661A/B. 
 
The mode of failure was cracking due to the residual internal stresses within the sample. 
There are two possible causes to such failure: 
 
1. The standard ramp up and down speeds at AHC are 3°/min and 5°/min respectively. 
For this tooling the recommended ramp up and down speeds are both 0.5°/min. 
Clearly, there is a large difference in these values. Either these ramp up and down 
speeds were not known when curing, or ignored because the longer curing cycles 
would not be economical for AHC. 
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2. It needs to be ensured that the adhesive has not exceeded the pot life, and is able to 
withstand the mechanical and thermal properties of the tooling board. A vacuum or 
clamping pressure should be applied to ensure a good adhesion. Failure of larger parts 
could have occurred due to insufficient adhesion, if the adhesive substance had 
exceeded pot life, or if the bonded joints were left to cure for 24 hours at ambient 
temperature as recommended. 
 
Based on preliminary research and analysis of the conventional tooling failures at AHC, it 
was deemed necessary to conduct further research into the failures. Importance was placed on 
testing of new techniques and tooling materials which would be more relevant and provide 
useful results given the time constraints. 
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4 3D PRINTING 
 
Following the extensive research into tooling failures at AHC and failures in the general 
aerospace industry, testing of 3D printing commenced. The process of analysing 3D printing 
as a viable rapid prototyping option for tooling was conducted in several steps in order for 
meaningful results to be produced. Following initial printing material, printing technique and 
cure cycle selection, there were four main stages of 3D printing analysis which are as listed 
below: 
 
 Stage 1 – Prototyping Tooling Mould 
 Stage 2 – Design Optimisation using infill support material 
 Stage 3 – Physical and Mechanical Analysis 
 Stage 4 – Modular Tooling 
 
Details of these key steps are summarised in this section, which summarise the testing that 
was conducted throughout this thesis. 
4.1 3D PRINTING TECHNIQUE 
The initial steps to prepare for printing involved selection of printing technique and printing 
material. 
4.1.1 Selective Laser Sintering vs Fusion Deposition Modelling 
As discussed in the literature review, there are different printing techniques which could be 
used for testing purposes. Further research showed that Selective Laser Sintering (SLS) and 
Fusion Deposition Modelling (FDM) processes would be the most effective, and cost 
efficient. These techniques were also available for testing at UQ, due to their relative ease of 
operation. Quotes were obtained for these printing processes at UQ, and these were compared 
to the costs of printing at AHC. The results are shown in Table 8 below: 
 
Table 8 Cost comparison of SLS and FDM printing 
 SLS FDM 
UQ 40c/cm3 50c/cm3 
AHC N/A 20c/cm3 
24 
 
Figure 9 DTM Sinterstation 2500 Plus Figure 10 Schematic of DTM Sinterstation Operations 
Note that AHC does not have the capabilities to perform SLS printing. Additionally, the 
labour costs have not been factored into the printing costs shown in Table 8. However, it is 
clear that SLS is the cheaper printing option for the given sample volume (of approximately 
708.28cm3). 
 
Aside from the cost of these operations, the influential factor in selecting a process of either 
SLS or FDM, is that FDM requires a support material for its printing process. As explained 
earlier, FDM requires a support material during the deposition process, which is then removed 
once the part has been printed. Due to the overhang already designed as part of the tooling 
mould, additional support material is not required for this design. Therefore, the FDM 
procedure contains additional steps which are unnecessary to the printing of the tooling. SLS 
printing at UQ was therefore considered to be the best option to move the project forward. 
4.1.2 DTM Sinterstation 2500 Plus 
The DTM Sinterstation pictured in Figure 9 is used at UQ. The schematic seen in Figure 10 
shows the sintering process of this particular sinterstation. The printing is of a high resolution, 
with a scan speed of 5m/s and laser power of 100W. The layer thickness can be as little as 
0.1mm. Additional performance capacities are shown in Appendix A – DTM Sinterstation 
2500 Plus Information. The DTM Sinterstation has CO2 lasers and an internal nitrogen 
atmosphere which optimise the sintering process of polymer materials, including nylon 
polyamide. The powder bed provides a support structure and the post processing is simple, 
consisting only of part removal and de-powdering. The build envelope is of 240 x 220 x 400 
mm which is sufficient for the model requirements. 
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4.2 MATERIAL SELECTION 
Based on the printing process, a complimentary material can be selected. An ideal 
combination of printing technique and printing material will optimise the quality of the print 
and increase the accuracy of results. 
4.2.1 Polyamide vs Glass Filled polyamide 
Nylons provide an excellent combination of mechanical performance including high 
toughness, high strength, low coefficient of friction and good abrasion resistance. Their 
extreme strength, wear resistance and self-lubricating properties make them widely used. 
Additionally, nylons are resilient and non-marring. These properties combined with their high 
impact resistance make them ideal for operations which use high continuous operating 
temperatures (Sterling Plastics Inc, 2012). Nylons can be used as a substitute for traditional 
bronze, aluminium and steel due to the high reduction in weight. One downfall of nylons is 
that they have a tendency to absorb moisture. However, their high crystallinity results in a 
sharp melting point and thus its mechanical properties are less affected by temperature. 
 
Polyamide (PA11) and Glass Filled (GF) polyamide 11 are the two nylons that can be printed 
using the DTM Sinterstation. Both are sourced by the company DuraForm, and come in 
powder form prior to processing. Both of these materials are next-generation nylon 
thermoplastics and have been designed for engineering parts which need to withstand 
aggressive functional testing. 
 
Polyamide 11 is most commonly used where nylon parts are required, and is ideal for parts 
which require a high surface quality and finer details. The number 11 indicates the type and 
number of polymer chains in their chemical structure. These can be 6, 12, 66, 46, and 69 
(Plastic Prop, 2014). Glass filled nylon variants are nylon 11 extruded with glass 
reinforcement. This allows the material to exhibit increased compressive strength, and rigidity 
as compared to unfilled nylons, making them ideal for extreme testing conditions. Frictional 
characteristics are also improved. 
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The chemical structure of PA11 and its DSC curve are shown in Figure 11 and Figure 12 
respectively below. 
 
Figure 11 PA11 Chemical Structure 
 
Figure 12 DSC thermogram of the PA11 phases α, α’, δ’ during the first heating (Julie Pepin, 2016) 
 
The properties of PA and GF as shown in Table 9 below. The complete data sheet including 
test methods is shown in Appendix B – PA11 Material Data Sheet. 
Table 9 PA and GF Material Properties (3D Systems, 2001) 
 Property PA GF Units 
P
o
w
d
er
 Density 0.59 0.84 g/cm
3 
Particle Size Average 58 48 μm 
Particle Size Range 25-92 10-96 μm 
Specific Gravity at 20°C 0.97 1.40 - 
Moisture Absorption at 23°C 0.41 0.30 % 
T
h
er
m
a
l Melting Temperature (TM) 184 185 °C 
Glass Transition Temperature (TG) 42 60 °C 
DTUL at 0.45MPa 177 175 °C 
DTUL at 1.82MPa 86 110 °C 
M
ec
h
a
n
ic
a
l 
Tensile Strength 44 38.1 MPa 
Tensile Modulus 1600 5910 MPa 
Tensile Elongation at Break 9 2 % 
Flexural Modulus 1285 3300 MPa 
Impact Strength Notched Izod 214 96 J/m 
Impact Strength Unnotched Izod 428 101 J/m 
S
u
rf
a
ce
 
F
in
is
h
 Upper Facing as Processed (Ra) 8.5 6.2 µm 
Upper Facing after Finishing (Ra) 0.13 1.0 µm 
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The main characteristics that are being compared are the melting temperature, glass transition 
temperature, heat deflection temperature and surface roughness. The glass transition 
temperature indicates the minimum and maximum service temperature which is important in 
determining the qualities of amorphous polymers. For both polyamide in its virgin form, and 
with 30% glass fill, the glass transition temperature is between 42-60°C. The melting 
temperature defines the minimum processing temperature and maximum service temperature 
(University of Alabama, 2014). For both nylons, this is approximately 185°C. The heat 
deflection temperatures (DTUL) indicate the deformation temperature under specified loads. 
At lower deformation pressures both nylons have a heat deflection temperature of around 
175°C. For higher deformation pressures, GF performs better with a higher heat deflection 
temperature of 110°C compared to 86°C for PA11. 
 
From this data, either PA11 of GF could be selected for printing. However, due to material 
availability at UQ, ease of printing, PA11 was chosen. Other than the head deflection 
temperatures, there isn’t a large difference between the mechanical and thermal properties and 
so it was decided that there would not be any significant effects to the experimental results. In 
fact, PA11 has the superior surface quality with a surface finishing of only 8.5μm, which can 
be reduced to 0.13μm after finishing. This allows for fine details to be produced, and a better 
conformance of the M18/1 to the tooling. PA11 is recyclable, making it environmentally 
friendly, unlike glass filled polyamide 11. 
4.3 CURE CYCLE – LOW TEMPERATURE CURING 
The composite that is intended to be used for layups is M18/1 which is a preimpregnated 
bidirectional carbon fibre, which has a nominal cure temperature of 180°C. At these high 
temperatures, dimensional mismatching of the tooling and composite can induce high residual 
stresses and loose tolerances. Efficient design of tooling can be a method of mitigating the 
issue. However, a more comprehensive solution to reduce the likelihood of dimensional 
mismatching, is to ensure that the Coefficient of Thermal Expansion (CTE) of the tooling and 
the composite is appropriately matched. 
 
In most cases it can be noted that composites have low CTE values such as carbon fibre, with 
a CTE value of approximately 3.6µm/m/K. The tooling has to therefore match this value 
limiting the possible selection of tooling materials to the high quality, more expensive range 
such as Invar. A method of working around this problem is to cure the carbon fibre composite 
at a low temperature cure and then perform a post cure once the composite is able to hold its 
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shape. Tooling materials that have low heat deflection temperatures can now satisfy the 
selection criteria for viable tooling, increasing the selection spectrum to the less expensive 
tooling materials. An inadvertent side effect if lower temperature of curing is a decrease in 
mechanical strength of material. Therefore, it is essential that an ideal balance of tooling cost 
and mechanical properties is found for the selection of the curing cycles. Table 10 below 
compares these properties for common tooling materials. 
 
Table 10 Tooling Material Properties (Raghav, 2004) 
Tooling 
Material 
Max Useable 
Temp/ HDT 
(°C) 
Cost Lifespan CTE (µm/m/K) 
3D Printing 
Plastics 
60-177 Low-High Low 47-88 
High Density 
Foam 
120 Low Low-
Medium 
30-50 
Invar 1427 Very High Very High 1.2-5.3 
Aluminium 660 Low-Medium Very High 22 
Carbon Fibre 
Composite  
180 Medium-High High Transverse direction – 4.9 
Longitudinal Fibre – 5 
 
As M18/1 is commonly used in the aerospace industry, there is enough research to show that 
there is a maximum degree of cure, α, that can be reached overtime for all curing cycles. 
Figure 13 below illustrates this effect. The degree of cure decreases with temperature non-
linearly and consequently, a longer time is taken for the material to asymptote to a value of α. 
 
 
 
 
 
 
 
 
 
 
 
A rough estimation based on Figure 13, it can be observed that for a cure at 120°C, the degree 
of cure reaches approximately 50%. This curing cycle temperature selection of 120°C would 
be an ideal fit for PA11, because the melting temperature of 184°C is much higher than the 
Figure 13 Degree of Cure of M18/1 vs Cure Temperatures 
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Figure 15 Generic Tooling Design 
temperature that will be exposed to it in the industrial pressurised oven. In order to ensure 
complete curing of M18/1 the composite, a post cure of 180°C was selected with the stand 
alone part only, not including the tooling. This is supported by the M18/1 Data Sheet 
(Appendix C – M18/1 Material Data Sheet). As seen in Figure 14, the cure cycle at 120°C 
allows for consolidation of the M18/1 composite to begin. As the M18/1 samples that were 
used in the layups were dated, the cure cycle allowed was actually of 2 hours 50 minutes, to 
ensure that the part would be able to hold its form. The suggested post-cure was followed to 
be 180°C for 2 hours. 
 
Figure 14 Curing cycle of M18/1 including post-curing cycle 
4.4 CONCEPT DESIGN 
AHC provided a CREO template of a standard tooling sample which was deemed to be a 
suitable testing model for the initial SLS testing. The generic tooling shown in Figure 15, 
formed the base model for all future testing, with minor design alterations as required. The 
dimensions are 0.25m x 0.15m x 0.15m. The volume of the sample is 0.005625m3. 
 
 
 
 
 
 
 
 
 
 
 
 PA11 – nylon plastic with 
DTUL 177°C, 0.45MPa, 
TM=184°C 
 Cure cycle – 120°C for 
170 minutes 
 Post cure – 180°C for 120 
minutes 
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Initially it was assumed that a 10cm run out was proposed to allow layups to be produced 
with sufficient quality (Figure 15). This ensured that any damage to the base of the model can 
be filleted and removed with ease, without affecting the actual design or results. However, as 
the project progressed it became evident in the later design stages, that a 10cm run out was 
excessive and unnecessary. As a means of reducing material and therefore costs, the run out 
was reduced to 5cm. 
 
 
 
  
31 
 
4.5 STAGE  1 – PROTOTYPE TOOLING MOULD 
To determine the compatibility of the cure cycle and selected printing material, a prototype 
mould was designed. Tests were then conducted on this prototype model in order to closely 
simulate the working environment conditions that the subsequent tooling to be printed would 
experience, without risking damage to the more expensive component. This in itself 
highlights the use of SLS printing for prototyping purposes. 
4.5.1 Design 
The main purpose of designing the prototype is to observe the material changes as it is heated. 
The prototype dimensions are 0.05m x 0.03m x 0.02m and this is a significantly smaller 
volume (0.00003m3), than that of the actual tooling mould, as seen in Figure 16. Therefore, it 
was decided that meshing would not be required. 
  
Figure 16 Prototype Mould Design 
 
This prototype mould was printed at UQ using the DTM Sinterstation 2500 Plus machine. 
The total cost was estimated to be a low $30-40 as the sample was added to existing work that 
needed to be printed. 
4.5.2 Layup – Testing Method 
The sample was then laid up at the AHC workshop using a standard layup procedure as 
detailed below: 
 
 
Figure 17 AHC Layup Process 
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1. The prototype mould was sanded using 180 grit sand paper. 
2. Super 77 contact adhesive was sprayed on the mould to avoid sticking. 
3. A layer of DPT1000 (high temperature vacuum bagging film) was taped to an 
aluminium plate to avoid any contamination reaching the mould. 
4. The mould was placed on top of the DPT1000. 
5. Non-stick release film was laid over the mould. It was ensured that this was pressed 
into all of the curves and edges. 
6. Fibre glass was used (as it is a commonly used layup material) and one ply was added 
as one layup was being conducted. This was ‘sticky taped’ down in order to hold it in 
place (due to the small size of the prototype). 
7. Texturing nylon was used to give the mould texture. 
8. Another sheet of non-stick release film was added to the top of the mould ‘composite 
stack’. 
9. A breather was placed underneath the vacuum valve. 
10. A layer of DPT1000 was finally place on the composite stack. The vacuum bagging 
pipes were then connected to the valves and tacky tape was used to secure the bagging 
film to the mould and create grooves. This is seen in Figure 18. 
11. The prototype was vacuum bagged for 20 minutes in order to ensure all the air gaps 
were removed. 
12. The composite stack and industrial ovens were used to cure the prototype at 120°C for 
170 minutes. 
 
 
Figure 18 Vacuum Bagged Prototype Mould 
 
4.5.3 Deformation Analysis 
Prototype mould was laid up at AHC with scrap fibreglass and cured at 120°C for 170 
minutes to successfully test vacuum pressure would not destroy the material. The post-curing 
sample was then taken out of the industrial oven is shown in Figure 19. 
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Figure 19 Post Curing Prototype Mould 
 
The mould showed no visible deformation or deflection and remained intact. There were no 
cracks present and the sintered layers did not split up, hence rendering the test a success. The 
expansion is important to measure to know how this will affect the tolerances. For a small 
prototype of this size, a Coordinate Measuring Machine (CMM) scan was not conducted, and 
the sample was measured using a Vernier Caliper. The dimensions are summarized in Table 
11 and located in Figure 20. Further dimensions are shown in the CAD drawing in Appendix 
D – Prototype Mould Dimensions. 
 
 
Table 11 Prototype Mould Dimensions 
 Printed Dimensions (mm) Post-curing Dimensions (mm) 
L1 50.00 49.64 
L2 50.00 49.66 
L3 50.00 49.64 
H1 20.00 19.85 
H2 20.00 19.87 
H3 20.00 19.68 
W1 30.00 2.95 
W2 30.00 2.92 
h 10.00 10.06 
 
 
 
Figure 20 Prototype Mould Dimensions 
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It is difficult to judge the deformation of the sample because of the small size and lack of 
CMM scan. The change in printing and post-curing dimensions could also be attributed to the 
large range of error and inaccuracies in measurement of the prototype using a Vernier Caliper. 
However, as there was no major physical damage the material was deemed suitable for a large 
scale print. Due to the success of the test, it was concluded that PA11 is a good material to 
print tooling and the larger mould can be printed.  
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4.6 STAGE 2 – DESIGN OPTIMISATION 
Stage 2 of testing was focused on cost reduction of the printing costs by refining the model 
and developing a suitable infill system. Two methods of infill, being sand infill and PA11 
infill, were selected for testing based on literature review. PA11 was selected due to the ease 
of simply printing the required meshing for additional support. The sand infill was selected as 
a viable material due to its low CTE value (8.31µm/m/K to 9µm/m/K). This design stage was 
integral in identifying if a possible cost reduction method could be identified without 
sacrificing the overall performance of the tooling. 
4.6.1 PA11 Meshing Infill Design 
Initial quotes for SLS printing the mould at UQ were unexpectedly high. The cost estimate of 
the mould came to $800-900 based on the volume (including the 5cm overhang). This cost 
was high, so meshing was introduced to the model as a means to reduce the volume of 
material in the base of the sample as seen in Figure 21. The thickness was varied between 3 
and 5mm, and based on the volume change, the ideal thickness was then selected to be 3mm.  
  
Figure 21 Mould with Meshing (bottom view) 
Due to the infill material being the same as the rest of the material, the addition to the design 
was simple and time efficient. 
4.6.2 Sand Mesh Infill Design 
Problems such as low material strength at high temperatures and high cost can be overcome 
by hollowing out the mould and creating a ‘shell’. This shell can then be filled in with a cheap 
support material. Figure 22 illustrates the model with reduced overhang and 3mm wall 
thickness, as a shell. Two materials considered to fill this shell and act as a support structure 
were phenolic resin and casing sand. However, the resin was found to be too exothermic and 
is also an acid catalyst. It is also carcinogenic which raises OH&S concerns. Polymerisation 
of phenolic resin will create condensation which can be absorbed by the PA11 material, 
affecting tolerances. 
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On the other hand, casting sand is a readily available material and relatively inexpensive. 
Casting sand is used primarily in the foundry industry in order to produce casting moulds 
which are used in sand casting manufacturing. The sand is easy to manipulate and compact 
into moulds of several designs and complexity. These moulds provide internal cavities for 
molten metal to be poured into, due to the high heat resistivity of casting sand. 
 
The composition of foundry sand is more than 95% SiO2, with insignificant impurities such as 
ilmenite (FeO‐TiO2), magnetite (Fe3O4), or olivine, which is composed of magnesium and 
ferrous orthosilicate [(Mg,Fe) SiO4]. As SiO2 has a low coefficient of thermal expansion, 
castings sands are preferred to reduce expansion and therefore have minimal effect on the 
tolerances. Particle size of foundry sand is less than 75µm (Turkeli, 2007). The grains range 
in angularity but majority are rounded with medium to high sphericity. This permits good 
flowability and permeability. However, most importantly, the rounded grains have a higher 
packing density, resulting in increased strength and requiring low binder additions. 
 
 
Figure 22 Tooling Final Design 
Table 12 below summarises the thermal properties, and further validates the infill material 
selection. The CTE value, melting temperature and glass transition temperature all have to be 
considered in order to identify the compatibility of the proposed infill material to the M18/1 
composite. As it is a thermoset, it has no melting temperature and will keep crosslinking as it 
is heated. On the other hand, the PA11 tooling will deform under high temperatures. Using 
the same logic. If the printing material was a thermoset, it is presumed that less deformation 
would be apparent. 
 
Table 12 Thermal Properties of Infill materials 
Material CTE(µm/m/K) Tm (°C) Tg (°C) 
Sand/Silica (SiO2) 4.68 µm/m/K 1650 1202 
PA11 85-120 µm/m/K 184 47-60 
M18/1 55 µm/m/K - 196 
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4.6.3 Analytical Deformation Models – ANSYS Modelling 
In order to identify if failure would occur prior to commencing testing, an ANSYS model for 
both the sand and mesh infill was produced. This was not only a cost saving parameter, but 
also a good analysis technique of the expected deformation that would occur under the set 
curing parameters. 
 
The CAD models were loaded into the ANSYS analysing package and modelling begun using 
a static structural system. Nylon was already present in the ANSYS material library. The 
material properties were inputted as per Table 13. 
 
Table 13 Nylon Material Properties 
Material Property Value 
Density 1130 kg/m3 
Young’s Modulus 2400 MPa 
Poisson’s Ratio 0.39 
 
The base of both models was fixed. Meshing was introduced and the deformation was 
evaluated at the curing conditions of 120°C and vacuum pressure. For testing purposes, the 
pressure was increased to 1.5bar (approximately 150 000Pa), in order to analyse the worst 
case deformation scenario. 
 
A coarse mesh was used for the samples, and the meshing size is shown in Appendix E – 
Analytical Deformation Models with Meshing. In order to produce more accurate results, a 
finer mesh should be used. Once cured, this tooling will be measured using a CMM machine 
for accuracy when determining the thermal deformation. 
 
The mesh infill ANSYS model is shown in Figure 23. The maximum deformation has 
identified as 0.06781mm at the front surface of the model. This is not a part of the actual 
moulding areas and so is not a significant result. The deformation within the actual moulding 
area is between 0.030138mm and 0.045207mm. Other areas of concern include the edges 
inside the moulding area. These deformations are small and do not seem excessive of 
tolerance limits and so it was determined that testing with the mesh infill should proceed. 
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Figure 24 shows the ANSYS model of the sand infill mould. The maximum deformation 
occurs on the inner wall of the tooling shape. The minimum deformation areas have been 
identified as the solid, easily compacted areas, such as the square sides and back of the mould. 
Naturally, the deformation on this model is greater than that of the model with a meshing 
infill, being 0.11076mm. 
 
 
  
Figure 23 ANSYS model of the PA11 infill deformation 
Figure 24 ANSYS model of the Sand Infill deformation 
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4.7 STAGE 3 – PHYSICAL AND MECHANICAL ANALYSIS 
After consideration of the ANSYS models, it was deemed appropriate to begin the physical 
testing. Both the tooling moulds were printed using SLS printing as described earlier. Details 
of the sand infill creation procedures and the M18/1 layup are described in ‘5 Testing 
Procedures’. Once testing was complete, the samples were ready for physical and mechanical 
analysis. The resultant moulds of the tooling are shown in Figure 25 below. 
 
 
Figure 25 Post-curing tooling and M18/1 Part 
 
The consolidation of M18/1 depends on the thermal expansion of the samples as they undergo 
deformation during the cure cycles in the ovens at high temperatures and pressures. As a 
result of this, measured need to be taken that allow the change in geometrical conformance 
and tolerances to be identified. A thorough deformation analysis is conducted through the use 
of scans using the Coordinate Measuring Machine (CMM). A common method of this scan is 
through the use of a FARO ScanArm. The properties of a FARO arm include (FARO, 2016): 
 
 Accuracy of ±25µm 
 Scan rate of 280 frames/second, 2000 points per line, 560 000 points per second 
 
The testing procedure for dimensional verification was through the use of a FARO ScanArm 
at UQ is as seen in Figure 26 below. If the samples are black, the laser reflections usually 
reflect differently off the varying gradients of black. This is resolved by applying a thin 
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coating of Flaw Chek over the scanning surface. Flaw Chek powder is actually used for 
visible detection of flaws in cracks and flaws in metals and castings, but is beneficial in its 
application here, because it provides a thin and even scanning surface for the Faro arm to 
operate over. This was done for both of the M18/1 consolidated parts and is the application 
result is shown in Figure 27 below. The Flaw Chek powder is also very easy to remove once 
the scanning is complete such that there is no difference to the actual composite itself. 
 
 
Figure 26 Faro Scan Arm set up at UQ 
 
Figure 27 Flaw Chek Application on M18/1 composite part 
 
The scanning procedure was a simple standard scanning procedure: 
 
1. The M18/1 consolidated part was coated evenly using Flaw Chek and placed on a 
workbench. 
2. The scanning Faro arm was started. 
3. The lights in the room were turned off in order to allow a complete scan of the black 
mould. 
4. The scanning arm was manoeuvred across all the internal surface of the mould. 
5. The laser beam and camera were at the tip of the arm and recorded the scan data. 
6. Scanning data was then analysed to determine deformation. 
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4.7.1 Experimental Deformation 
Thermal deformation is the most important mechanical property that needs to be analysed in 
order to deem the use of 3D printing is a viable option for tooling production. As there are 
strict tolerance standards within all aerospace applications, it is integral to the aircraft and the 
general safety of aircraft passengers that these standards are adhered to. 
 
With regards to most applications, especially aerospace, a lower deformation the better. One 
of the reasons behind this is that the aircraft operation environmental conditions are high, and 
it is vital that these high temperatures do not lead to thermal expansion, leading to part 
incompetency during operation. At AHC, the tolerances that are allowed are based on 
aerospace standards, as well as client requirements. 
 
There were three deformation analyses that needed to be performed, in order to understand 
how the entire system was deforming. These are as listed below: 
1. 3D Printed Mould Deformation Pre and Post Curing – the expansion experienced by 
the PA11 material; 
2. Mesh Infill Tooling and M18/1 Part Deformation – the deformation experienced 
when M18/1 was laid up on the PA11 infill, as compared to the pre and post cured 
tooling; and 
3. Sand Infill Tooling and M18/1 Part Deformation – the deformation experienced when 
M18/1 was laid up on the sand infill, as compared to the pre and post cured tooling. 
 
The first analysis is helpful in showing the expansion of the PA11 material over a cycle. The 
second and third analyses will help identify which method of infill leads to least deformation 
and produces lower tolerances by comparing the resultant M18/1 part and the tooling pre-
curing. This analysis will identify if the tolerance limits have been exceeded, as the printed 
part pre-curing should ideally have the required dimensions of the part. Therefore, the 
difference in this amount is what is aimed to be minimised. These comparisons will identify 
how the thermal expansion propagates with the expansion of the tooling and M18/1 part. By 
analysing these three modes of deformation comparison, the component that is most affecting 
the deformation of the entire system and the extent of the effect can be identified. 
 
Note that in the following deformation images, the positive deformation indicates the 
composite moving in the direction of the tooling. The negative deformation indicates the 
expansion of the tooling. This is shown by the schematic in Figure 28 below. 
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Figure 28 Schematic of Deformation of the Positive and Negative Direction 
 
4.7.1.1 3D Printed Mould Deformation Pre and Post Curing 
In order to analyse the thermal expansion of the 3D printed tooling, and hence confirm the 
properties of PA11, it was important to scan the tooling mould before and after the curing 
cycles. The expansion that occurs between the printed tooling is a key factor in analysing 
deformation, considering that that the deformation of the tooling has a direct influence on the 
extent of tolerance change. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 29 Deformation of Tooling with Sand Infill 
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Table 14 3D Printed Tooling Deformation Results 
Method 
of infill 
Maximum 
Deformation 
(±mm) 
Average 
Deformation 
(±mm) 
Standard 
Deviation 
(±mm) 
RMS Estimate 
(mm) 
Casting 
Sand 
+4.1838/-5.1048 +0.4419/0.3606 0.5378 0.5381 
PA11 
Mesh 
+0.9284/-0.9474 0.1793/-0.0591 0.1836 0.1837 
 
The above analysis provides a good indication of which method of infill should be used for 
tooling purposes. From the deformation scale it can be observed that the PA11 mesh infill 
required a finer deformation scale in order to correctly identify areas of expansion or 
contraction, ranging from +0.9474mm to -0.9474mm. The scale for sand infill had to be 
increased to +5.1048 to -5.1048mm in order to correctly identify regions of deformation. This 
clearly indicates that the PA11 mesh infill had a smaller deformation. The first point to notice 
is that both of the moulds show a majority green colour which indicates little to zero 
deformation. This is ideal as it indicates that there is little to no expansion or contraction of 
the material, agreeing with the low CTE value (85 to120 µm/m/K). 
 
The sand infill shows a very minimal deformation on the internal faces of the tooling. There is 
around 1.06mm of deformation consistently along the top edges of the internal shape. The 
corners show the maximum deformation of 5.1048mm, however this could be attributed to a 
fault during the layup procedure rather than expansion of the tooling itself. The results are as 
Figure 30 Deformation of Tooling with PA11 Mesh Infill 
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expected, due to the low CTE of casting sand. In contrast, the mesh infill shows a deformation 
up to five magnitudes smaller than the sand infill. This can be attributed to the internal 
meshing rather than the PA11 material thermal expansion. 
4.7.1.2 Analytical vs Experimental Deformation 
A valid comparison of the analytical and experimental deformation can be completed in order 
to see if the experimental results are in relative terms to the analytically determined 
deformations. The comparison can be conducted even though the analytical model shows a 
post-curing result, not a comparison of the deformation pre and post curing. These are shown 
in Table 15 below. 
 
Table 15 Analytic and Experimental Deformation Comparison 
Method of infill 
Experimental 
Maximum/Minimum 
Deformation (±mm) 
Analytical 
Maximum/Minimum 
Deformation (±mm) 
Casting Sand +4.1838/-5.1048 0.11076 
PA11 Mesh +0.9284/-0.9474 0.06781 
 
It is important to note that this comparison is of the maximum values only, as the ANSYS 
deformation did not indicate negative deformation as the CMM scans did. It can be seen that 
the analytical deformation results are far smaller than the experimentally determined 
deformation values. This can be attributed to several factors such as the effect of ramp up and 
ramp down speeds as the curing occurred in the oven, printing dimensional error, and the 
variation in pressures experienced in the curing oven. 
 
The deformation values are significantly different between the experimental and analytical 
models. The experimental deformation is significantly larger than the anticipated deformation 
using the analytical models. A point to note with the PA11 mesh is that the analytical model 
showed signs of deformation grooves between each mesh section. These were not seen in the 
physical model which is a positive sign, indicating that the mould did not deflect to the same 
degree as anticipated. This could be due to the deflection of the model being influenced by the 
larger pressure applied in the analytical solution of 1.5bar. The actual pressure in the 
experimental model was the vacuum bagging pressure which was approximately 1 bar. 
Although the difference is only of 0.5bar, this increase in pressure could be creating the 
change in the deformation results. 
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As seen from the thermal properties of PA11, as the pressures increases, the heat deflection 
temperatures decrease. This indicates that the pressure has a larger effect on the deformation 
than the temperature. The temperature has a lesser effect on deformation, but rather has a 
higher impact on the curing as the temperature influences the extent of crosslinking of the 
resin and hence determines the degree of polymerisation. 
 
Additionally, the analytical deformation is not a representation of the ramp up and ramp down 
procedure that was actually undertaken. Using the ramp up and ramp down procedures, the 
deformation of the model is reduced because large changes to the temperature and pressure 
gradient are avoided, and hence the physical model did not show as great of an extent of 
deformation as the analytical model. 
4.7.1.3 Mesh Infill Tooling and M18/1 Part Deformation 
The next stage of the deformation analysis was to observe deformation ‘fit’ of the 
consolidated composited to the pre and post curing of the tooling. Ideally, the results should 
show a minimal deformation in both of these cases. The matching to the post-curing of the 
composite should be almost exact and support the concept of 3D printing tooling. However, 
the match to the pre-curing tooling will be the better validating factor and provide a better 
result for the change in tolerances because the pre-curing composite will have the desired 
dimensions. Thus, if the match of tooling material and M18/1 composite has least 
deformation in the pre-curing stage, it will support the use of 3D printing as rapid prototype 
tooling. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 31 Mesh Infill – Pre Curing Deformation of Tooling and M18/1 Part 
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Table 16 Mesh Infill Deformation Results 
Mesh 
Curing 
Maximum 
Deformation 
(±mm) 
Average 
Deformation 
(±mm) 
Standard 
Deviation 
(±mm) 
RMS Estimate 
(mm) 
Pre +8.5922/-8.5998 +0.3896/-0.9926 1.2580 1.2726 
Post +8.5999/-8.5999 +0.3639/-0.9230 1.2199 1.2413 
 
Majority of the deformation that is caused due to expansion can be seen to occur on the edges 
of both of the tooling moulds. This could be due to the difficulties in laying up the edges with 
M18/1. Due to the stiffness of the composite, and perhaps the composite being out of life, it 
was difficult to bend and shape into the edges and corners. To resolve this issue, a heat gun 
was used to create a mouldable material. Although this is a valid technique, it was clearly not 
effective enough, as the lack of compaction could have allowed the expansion of the tooling 
mould in that direction. 
 
Both of the moulds show that the flat internal faces of the tooling have least deformation and 
the minimal deformation that is present is in the negative direction. This indicates that the 
M18/1 layup was done well in these regions and was improved as the temperature and 
pressure of the oven cause the M18/1 to conform to the tooling. 
 
4.7.1.4 Sand Infill Tooling and M18/1 Part Deformation 
The next analysis was of the deformation that occurred using the sand infill. The results are 
shown below. Again as per the mesh infill, if the deformation of the M18/1 sample as 
compared to the PA11 tooling pre-curing is low, it will be indicative of a good infill material. 
 
Figure 32 Mesh Infill – Post Cure Deformation of Tooling and M18/1 Part 
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Table 17 Sand Infill Deformation Results 
Sand 
Curing 
Maximum 
Deformation 
(±mm) 
Average 
Deformation 
(±mm) 
Standard 
Deviation 
(±mm) 
RMS Estimate 
(mm) 
Pre +2.7181/-1.4703 +0.4333/-0.2701 0.4182 0.4182 
Post +8.3999/-8.977 +0.6589/-0.4680 1.1372 1.1381 
 
As seen by the pre curing sample results, the majority of deformation is on the top surface of 
the mould, up to 0.4466mm. This can be explained due the hand compaction technique of the 
sand. The mould was inverted prior to being compacted using the flat compaction hammer. 
Therefore, the top of the mould is expected to show the most deformation, as the compacted 
sand would be situated here in its majority. 
Figure 33 Sand Infill - Pre Curing Deformation of Tooling and M18/1 Part 
Figure 34 Sand Infill - Post Curing Deformation of Tooling and M18/1 Part 
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The post curing fit of the composite and the tooling is exceptionally good. The section of 
0.42mm deformation is the biggest and is uniform across all surfaces. This indicates that the 
casting sand is an excellent infill as the expansion is minimal. There are few deformations of 
larger than 0.6833mm. Sand is therefore able to hold its original compaction shape very well. 
This could be attributed to the use of a binder and CO2 hardening which leads to the material 
being hardened to a high degree before even entering the oven curing process.  
 
In summary, it can be seen that the casting sand has a large original deformation prior to 
curing due to hand compaction technique. But once hardened and cured, it holds its intended 
original shape exceptionally better than the PA11 infill which still undergoes thermal 
expansion during curing. This was seen as per the results described previously. 
4.7.2 Form Stability 
A limitation of the thesis results is in the fact that the deformation has not been observed over 
more than one curing cycle. Time constraints did not permit for several curing cycles and 
scans of the tooling moulds to be performed. This left a significant gap in data with regards to 
analysis of performance and deformation over time because the tolerance accuracy of the 3D 
printed material over time i.e. several cycles, cannot be predicted. However, a major part of 
the rapid prototyping selection is the use of the tooling over several curing cycles. 
Deformation over several curing cycles is an important analysis as it determines the response 
of the material over cycles of high temperatures and loading. The deformation can then be 
anticipated so that the use of the tooling can be limited within a range to ensure that the final 
parts are not exceeding the tolerances. Hence the form stability over several cure cycles needs 
to be considered. 
 
Creep testing was used as an alternate to interpreting the effects of deformation over several 
curing cycles in order to find the response of the nylon material. Due to size restriction of 
testing equipment at UQ, the prototype mould was selected for the testing. This was deemed 
fit for a cyclic loading response approximation as it is the material that is necessary to analyse 
rather than the shape and size of the actual mould. Use of the prototype mould would also be 
cost effective if complete deformation of the sample resulted after the testing. 
 
An analysis of the required loading was performed using a simple pressure and load 
calculation as shown below: 
𝐿𝑜𝑎𝑑 (𝑁) = 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒(𝑃𝑎) × 𝐴𝑟𝑒𝑎 (𝑚2) 
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Based on initial calculation, a load of 75N was calculated for the contact surface of the 
prototype mould (refer to Appendix F – Prototype Mould Load Calculations for calculations). 
The equipment range of load cells at UQ are a selection range from 100N, 1kN, 5kN, 10kN 
and 100kN. The lowest load cell has a calibration range from 20N to 90N. However, due to 
the delicacy of the smaller load cells, the cell is at risk of damage if the it is loaded close to 
the maximum range. Rather than running the risk of damaging the lower size load cell, the 
next higher capacity load cell selected of 1kN. The 1kN cell has a calibration limit of 20N to 
1000N. This is a reasonable range for the range of loads being considered for the prototype 
mould. 
 
The temperature selection was the same as that of the curing cycle of the nylon laid up with 
M18/1, being 120°C. An environmental chamber at UQ was used for this purpose. Again, the 
environmental chamber has certain restrictions of being unable to provide a pressure control 
so atmospheric pressure was used for the sample. Obviously, this is in contrast to the 
environmental conditions experienced by the samples when in an industrial oven – which was 
used for the Stage 2 testing. The pressures experienced in the industrial ovens are 
approximately 1 atm during the curing cycle and during post-curing. The load can be 
appropriately scaled according to these values. 
 
A reasonable time allocation for a cycle was determined to be 30 minutes, as based on 
literature research, it was found that polyamide will deform enough within this given time 
frame in order to determine a, ‘cycle deformation’. 
 
There are two basic methods to determine the creep of nylon. One option is to hold 
displacement constant and vary the load that is experienced by the sample. The alternative is 
to load the sample to a certain calculated load and then evaluate the change in elongation 
(mm) over time. The latter was selected for testing. The procedure is shown below: 
 
1. The environmental chamber was assembled within the Instron testing machine. 
2. An appropriate clamp was selected for the sample size. 
3. The 1kN load cell was assembled in the Instron machine. 
4. The environmental chamber was heated to the desired 120°C. This ensured that the 
metallic clamps and internal metallic holds were also at 120°C so that any thermal 
50 
 
expansion occurred at a time before the testing on the prototype sample. This process 
took approximately 15 minutes. 
5. The sample was then loaded into the environmental chamber and placed between the 
clamps as seen in Figure 35. 
6. Using the BlueHill technology that analyses the Instron data, the program was 
functioned to ramp to an initial 100N in 30 seconds. 
7. The test was run for 30 min, allowing enough time for the elongation value to be 
identified. 
8. Once the 30 minute time frame had passed, the load was zeroed and the elongation 
and load zeroed. 
9. The next test was then then started. Three tests were run at the 100N load. 
10. Next, the loading steps were repeated for a 200N load for 30 minutes, for 5 tests. 
11. Five more tests run at the 200N load with a loading time of 5 minutes in order to 
quickly identify 5 more sets of data points that could be used to identify a trendline for 
the data. 
 
Figure 35 Compression Testing of Prototype Mould Sample (1kN load cell, 120°C) 
The results were given in the form of a graph of Load (N) vs Time (minutes). The aim of this 
compression testing was to identify the effective of loading over time on deformation. 
 
90% of mechanical failures are due to fatigue and is important to avoid as fatigue can lead to 
failure even if stress experienced is less than the critical stress (Engineers Edge, 2016). It is 
important to observe if the material is failing due to fatigue, which would indicate that it was 
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not fit to survive cyclic stresses. Cyclic loading was represented by one cycle of compression 
of 30 minutes and alternately 5 minutes for the 200N samples. 
 
Three tests were performed at the 100N loading, as per the prototype loading calculations 
shown in Appendix F – Prototype Mould Load Calculations. With the 100N loading the most 
significant observation was the increase in plastic deformation as the number of cycles was 
increased. From these loading results, it was observed that three test did not provide enough 
data points, nor a distinguishable load, in order to observe major trends. Therefore, the 200N 
loads were selected to be the main creep results in order to show clear data trends. 
 
The extension, or the elongation, is an important factor in creep. As seen in Figure 36 below, 
towards the end of a loading cycle, the elongation decreased. This can be due to a mechanical 
variable of the testing instrument. However, two main points can be highlighted, being the 
elastic and plastic deformation. These were seen consistently across all of the tests. The 
elastic deformation point is where the sample undergoes deformation but this is a temporary 
shape change which is self-reversing such that after the force is removed, the sample 
deformation can be recovered, and the sample is able to return to its original shape (NDT 
Resource Centre, n.d.) on the other hand, when the induced stresses are large enough to cause 
a permanent deformation of the sample and the crystal structure, the deformation is known as 
plastic. Plastic deformation is permanent and irreversible. The accumulation of plastic 
deformation is the key deformation that needs analysis as this indicates the change to 
tolerances that is likely to occur. 
 
 
Figure 36 Load (N) vs Elongation (mm) 
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 The 100N loading showed deformation results as per Figure 37 below. 
 
Figure 37 Plastic Deformation (mm) vs Cycle Number 
From the plastic and elastic deformation results based off the data, a trend line was fitted to 
the sample. The data shows a linear trend line fitted the data the best with an R2 value of 
0.9994 and 0.9998 for the plastic and elastic deformation respectively. However, based on 
previous literature reviews and the physical sample visual analysis, this trend seemed 
excessive. Thus it was confirmed that the data points for the 200N load would be able to 
convey a better representation of the deformation in the sample. 
 
The 200N loading was selected as a better source of analysis for the deformation cases. Two 
cases were analysed within this sample being the 30 minute and then 5 minute tests. The 
initial tests were run at 30 minute intervals to indicate a curing cycle. The results of load 
decreasing over time are seen in Figure 38. 
 
 
Figure 38 200N 30 minutes Load (N) vs Time (min) 
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Through repetition, a clear trend was identified of the time table for a peak elastic 
deformation and plastic deformation to be observed. This value was never more than 5 
minutes. Therefore, in order to increase efficiency, the cycles for tests 5-10 were only run at 5 
minutes long to indicate the curing cycles. These results are shown in Figure 39 below. All 
samples provided a consistent trend and so the method of testing was viable in order to 
produce the required results. 
 
Figure 39 200N 5 minutes Load (N) vs Time (min) 
 
An interesting observation made during the testing process was that there was a decreasing 
trend in the difference of the loading that was applied during each cycle. When this was 
plotted, as seen in Figure 40 below, the trend was confirmed. The decreasing load, in 
combination with the effect of the permanent plastic deformation, as seen in Figure 41, 
indicate that the prototype was being compacted during testing. 
 
 
Figure 40 200N ΔLoad vs Cycle Number 
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Figure 41 200N Plastic Deformation (mm) vs Number of Cycles 
 
From the plastic deformation, it can be seen that a decreasing logarithmic trend can be fit to 
the data well, with an R2 value of 0.7989. This indicates that a logarithmic trend would be a 
good fit. The highlighted anomaly at six cycles is likely to be distorting the logarithmic trend 
and significantly reducing the fit to the curve. The decreasing trend indicates that the 
deformation may be asymptotically approaching a final plastic deformation value as the 
number of cycles increases. Therefore, the use of PA11 as a tooling can be justified, if the 
creep is accommodated into the tolerances. If the tolerances are expected to be exceptionally 
low, the use of a newly printed tooling may be reconsidered. 
 
Another consideration that needs to be accounted for is that the large elongation seen in the 
initial cycles could be due to a compaction of the PA11 particles due to the compressive 
forces. Therefore, in order to avoid this issue, the option presents itself to apply an even 
compressive load to the printed tooling prior to a layup so that the initial compaction does not 
affect the produced part. This also could be attributed to void content within the SLS printed 
mould. As compressive forces are applied, the sample compacts and the voids are filled as the 
particles rearranging themselves. Based on this test, it is a reasonable estimation is that after 
10 cycles, the plastic deformation of the sample is negligible and the part is fully compacted. 
 
 
 
  
Anomaly 
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4.7.3 Surface Roughness 
Albeit minor in comparison to the other tests, another mechanical factor that needs to be 
assessed is the surface roughness of the final tooling mould and of the final part produced. 
The surface roughness of the tooling foams, 3D printed tooling and the final M/18 part were 
examined in the laboratory for experimental results. The process was relatively simple, and 
involved the use of the Taylor Hobson Surtronic 3+ Talysurf instrument to measure data. The 
device has a surface roughness measuring range of 0.1µm to 25µm. 
 
1. The Talysurf was calibrated using a standard aluminium calibrator with a known 
surface roughness of 6µm as seen in Figure 42 below. The calibrated value was 6.4µm 
and it is known that the surface roughness of the sample is 6µm. This was deemed 
close enough for testing to proceed. 
 
Figure 42 Taylor Hobson Surtronic 3+ Talysurf 
2. The Talysurf was then placed on the measuring surface, ensuring that the ruby end 
was in contact with the surface and the rest of the arm was flat parallel to the surface. 
3. The measurement was started and the readings were recorded. 
 
The results of the surface roughness tests are shown in Table 18. Note that only the tooling 
foams and 3D printed tooling moulds were actually tested in the lab. As AHC was unable to 
supply their own data on surface roughness for the aluminium, invar and M18/1 part samples, 
these values are based on literature research, and recorded in Table 18 as a reference in order 
to make a relative comparison. Another point to note is that the fibre direction affects the 
roughness value. For this minor/basic test, roughness was measured against/along the fibre 
direction. For a more detailed analysis, the test should be repeated, allowing measurements to 
be taken in all directions of fibres. 
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Table 18 Surface Roughness Test Results 
Surface 
Roughness 
(µm) 
TC460 Tooling 
Board 
3D print Aluminium Invar 
Tooling 8 22.2 3.2 3.2 
Part 1-2 2.8 1-2 1-2 
 
These values are based off estimations from the production methods as seen in Figure 43, as 
AHC specific values were unavailable. Milling is the technique used to produce tooling 
boards, aluminium and invar moulds. 
 
Figure 43 Surface Roughness Produced by Common Production Methods (ANSI B46.1, 1985) 
The results show that surface roughness may have a minor effect on the conformance of the 
material. However, since the layup on the 3D printed tooling was with four layers of M18/1, 
the likelihood of surface roughness affecting the top surface of the mould is low. 
Nevertheless, it is important to ensure that an optimal roughness is identified in order to allow 
conformance of the M18/1 composite to the tooling.  
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4.8 STAGE 4 – MODULAR TOOLING 
In order to make 3D printing of tooling a viable option for use in the production of aircraft 
parts of larger sizes, the next stage of design was to investigate modular moulds. Another 
motivation for research into modular tooling is because of the size restrictions of 3D printers. 
The important condition for successful modular moulds is that there is no or minimal change 
to the layup technique. The volume of 3D printing that can be printed varies slightly based on 
the machine and technique being used. 
 
The concept behind the modular tooling design is a simple base plate that can be added to the 
CAD design of the tooling mould to be printed, as seen in Figure 44. The base plate is a 
simple geometrical shape, enabling it to be resized easily for different tooling designs and 
sizes. The final result of this is that complex tooling designs could be printed in sections, and 
assembled with relative ease, and allow for no change to the layup procedure. 
 
 
Figure 44 Layup on a Modular Mould 
The design consists of a mechanism that restricts motion on the x and y directions such that 
once the model is assembled, the ‘modules’ cannot be separated. As such the model is similar 
to a ‘lock and key’ where a base plate would be designed and added to a CAD model. Figure 
45 below shows the lock design. 
   
Figure 45 Lock Model 
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Figure 46 Key Model 
Figure 47 Connection models 
Figure 48 Modular Moulds Lock and Key Model 
The key was then designed as a complimentary shape to the lock such that both would be able 
to fit together and be unable to be removed. Figure 46 shows the design of the key. 
 
 
 
 
 
 
 
 
As an extension to the design, there are connecting parts which can be used to add as many 
additional modules as required. These are shown in Figure 47. 
  
 
 
 
 
 
When assembled, the lock and key design is as shown below in Figure 48. 
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The design of the lock and key was simple. Using the vertical axis as a 0-degree point, the 
lock was made such that motion in the x and y directions would be deterred, and only a 
rotation motion was permitted. Then, a key was designed such that a 90-degree rotation would 
ensure that the lock fit in the key. Each connection piece was then designed to be 
implemented if the model needs to be of a longer length, between the lock and key parts. 
 
The advantage of this lock and key model is that the number of modules can be determined 
prior to printing. Additionally, if the model size needs to be changed after the part has been 
printed for some reason, it is quick to disassemble the model using the connection parts and 
alter the length of the design. 
 
A simulation assembly in CREO Parametric confirmed that the model was able to be run with 
no interruptions. However, due to time constraints this model was not printed and so 
experimental testing has not been able to confirm the simulation. The smallest size of module 
will be able to be determined once the part is printed and subjected to a curing cycle. Further 
deformation analyses would determine if the model could be beneficial for use as modular 
tooling. Should an experimental model be a success, modular tooling will be a positive 
development in making 3D printing a reality without size restriction limitations. 
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5 TESTING PROCEDURES 
 
The following testing procedures were performed for the sand infill and M18/1 layup 
procedures, and can be implemented by AHC. The major resources used for these process 
have been listed below: 
 DTM Sinterstation Appendix A – 
DTM Sinterstation 2500 Plus 
Information 
 Casting Sand and Mixing Station 
 Faro arm 
 EAIT Computer Laboratories 
 Industrial Ovens 
 Composite Materials 
 UQ Testing Labs 
 AHC Workshop 
 
5.1 SAND INFILL MIXING 
Casting sand in combination with a binder was selected as infill material of the tooling with a 
shell design. The casting sand is readily available at UQ do to other student university 
projects, and the complimentary binder for the sand is Solosil 133, manufactured by Foseco. 
Solosil 133 binder is a complex ternary of organic/inorganic/silicate mixture in the form of a 
mobile liquid for use as a one-shot combined binder and breakdown agent for the carbon 
dioxide hardening process (Foseco, 2013). The main characteristics are shown in Table 19 
below: 
Table 19 Solosil 133 Properties 
Characteristic Property 
Colour Clear 
Viscosity 900 cps 
Density 1.5g/cm3 
 
The binder is designed specifically to be able to withstand short cycling times on automated 
core blowing machines, but is equally suited to hand ramming processes. Carbon dioxide 
(CO2) gas hardening is also a complementary process that is used with the binder in order to 
produce optimum results in cores and moulds. 
 
The prominent features of Solosil 133 compared to conventional silicate of proprietary 
mixture are: 
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 Faster response to gassing, leading to lower hardening gas required (savings of up to 
30%) 
 Low binder requirement (10-30% less binder required) 
 Organic fraction of the product promotes an improved casting surface finish 
 Low viscosity of binder assists metering of the binder even if the binder is hand 
measured and also reduces mixing times in batch operations 
 Carbon dioxide gassing techniques are similar to traditional silicate processes and are 
applied to cores and moulds at the same pressures, temperatures and flow rates 
 Longer core/mould shelf life 
 Nitrogen free product 
 
The procedure of mixing the sand is as listed below. Foseco recommends binder at 3-4wt% of 
sand weight. 3wt% was used. 
 
1. Sand and binder was measured as per a ratio of 0.9kg (1350mL) of Solosil 133 per 
30kg of sand. Because only a small volume of sand is required for the mixing, 10kg of 
sand was mixed. Extra sand was mixed however, because the sand was to be 
compacted firmly into the mould. 
2. Once thoroughly mixed, the sand was hand compacted into the shell of the tooling. 
3. At regular intervals, the sand was patted firmly using a compacting tool. 
4. In order to level the base of the sand, a flat metal tool was used to run across the 
surface of the sand. 
5. The sand was compacted again and the sand area levelled, in order to remove excess 
sand. 
6. A wooden plate was placed across the base of the sand and weight was added to hold 
the wooden plate in place. 
7. Two holes were made in the sand equidistant from the edge, in areas of most sand. 
8. The CO2 gas tubes were then inserted into the holes, as seen in Figure 49 below. Refer 
to Appendix G – Carbon Dioxide (CO2) MSDS for the safety sheet. 
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Figure 49 CO2 Hardening 
 
9. The CO2 gas was allowed to filter through the sand for 15 minutes. 
10. The gas was removed once the sand was seen to be hardened upon inspection. 
11. The part was then prepared for the layup procedure. 
5.2 M18/1 LAYUP PROCEDURE 
This procedure is based off the already existing methods at AHC, and is similar to the 
procedure described for the fibre glass layup on the prototype mould on (4.5.2 Layup – 
Testing Method, page 31). Slight modifications have been made. 
 
1. The tooling mould was sanded using 180 grit sand paper. 
2. Super 77 contact adhesive was sprayed on the mould to avoid sticking. 
3. The mould was then covered using non-stick Teflon wrapping (Figure 50). This 
ensured that the sand was entrapped within the mould and did not affect the layup 
layers by created deformation bumps. 
4. A layup net of the tooling shape was traced on a roll of M18/1. 
5. As a 4 ply lay up of M18/1 was being created, 3 more net shapes were traced (Figure 
51). M18/1 is a unidirectional material and so it was ensured that the tracing 
orientation was altered for each cut. This guaranteed that during each layup, the fibre 
orientation was changed by 90°. This step is especially important because aligning the 
fibres in the same direction could lead to points of mechanical weakness in the 
material. 
6. Next, the layup technique was begun by adding a layer of non-perforated release film 
so that any excess resin did not leach out. 
7. The 1st layer of M18/1 was added to the tooling (Figure 52). Where it was difficult to 
compact the composite in the edges, a heat gun was used to allow the composite to 
soften and then press into the edges. 
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8. With the 1st layer of M18/1 on, non-stick release film was laid over the mould, and the 
tool was placed under a 20 minute vacuum bag to allow compaction of the first layer 
and removal of air gaps (Figure 53 and Figure 54). This process was repeated for the 
3rd layer to ensure that the tolerances were not altered with the increased number of 
layers. 
9. Once the 20 minutes was complete, the non-stick release film was removed and the 
remaining three layers of M18/1 were then added to the tooling. 
10. A final composite with 4 ply M18/1 was created (Figure 55). 
11. A layer of texturing nylon was added to the composite stack to create an even surface 
texture and remove toxins, fumes and impurities from M18/1 (Figure 56). This was 
taped in place using Flashbreaker high temperature resistance sticky tape. This 
prepared the tooling sample for curing. 
12. In preparation for the oven curing, vacuum bagging procedure was begun similar to 
that described earlier in 4.5.2 Layup – Testing Method, page 31. Tacky tape was lined 
on the edges of an aluminium plate. A layer of breather was laid on the aluminium. 
Non-stick release film (DPT1000) was added to the breather layer. The complete 
composite stack was placed on top of this. Another sheet of non-stick release film was 
added to the top of the mould composite stack (Figure 57). It was ensured that this was 
pressed into all of the curves and edges. A vacuum valve was placed on the side of the 
aluminium plate with a breather underneath it. The vacuum bagging pipes were then 
connected to the valves and tacky tape was used to secure the film to the mould and 
create grooves. The mould was vacuum bagged for 20 minutes in order to ensure all 
the air gaps were removed (Figure 58). 
13. After vacuum bagging, the composite stack was them placed in an industrial oven for 
a curing cycle at 120°C for 170 min. 
14. Once complete, the M18/1 was removed from the tooling and it was placed as a 
standalone part in the industrial ovens for a curing cycle at 180°C for 120 minutes. 
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Figure 50 Teflon tape wrapping 
 
Figure 51 Net shapes of M18/1 
 
Figure 52 Layer of M18/1 
 
Figure 53 Completed M18/1 layer with 
DPT1000 release film 
 
Figure 54 Vacuum bagging of layer 1 
and 3 
 
Figure 55 Completed 4 ply M18/1 lay 
up 
 
Figure 56 Texturing nylon layer 
 
Figure 57 Additional DPT100 layer 
 
Figure 58 Vacuum bagged tooling 
 
 
 
  
65 
 
6 RAPID PROTOTYPING TECHNIQUES ANALYSIS 
 
From the literature review, analysis of tooling failures at AHC and experimental observations 
based of the deformation, creep and surface roughness testing, it is observed that the 
effectiveness of tooling can be determined by five key characteristics. The key criteria for the 
comparison and final selection of a rapid prototyping technique are cost, lead times, 
deformation, cycle life, surface roughness and thermal expansion. A summary of these 
characteristics is shown in Table 20 below. 
Table 20 Tooling properties comparison 
Tooling Cost Lead times Lifespan 
Surface 
Roughness 
(µm) 
CTE 
(µm/m/K) 
3D print 
+PA11 infill 
$350 
Up to 24 
hours 
Low 22.2 47-88 
3D print 
+Sand infill 
$78 
Up to 24 
hours 
Low 22.2 47-88 
Aluminium  $6061 2-3 weeks Medium 3.2 22 
Invar $24/kg 5 weeks Very High 3.2 1.2-5.3 
TC460 
Tooling Foam 
$13/kg 2 weeks Low 8 31 
 
The following notes should be taken from the above table: 
 Costs are approximate and based off the experimental conducted and does not include 
labour hours (which for AHC workshop staff are approximately $80/hour) 
 Lead times in AHC considerations only and not including labour hours 
 Aluminium tooling costs are based off a recent purchase order made for a similar sized 
ECP Cover Mould 
 Deformation of aluminium, invar and TC460 tooling foam were not experimentally 
determined 
 Invar costs are based off 2013 values 
 
Three parameters need to be considered in addition to the above items, in order to determine a 
viable composite tooling material. These include: 
 Tooling methods effectiveness and results 
 M18/1 consolidated part performance at tested temperatures 
 Manufacturing times 
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It can clearly be seen that 3D printing is the cheapest option available. Naturally, the more 
expensive tooling materials provide a higher lifespan and lower CTE values. However, as a 
new technology, 3D printing has scope to improve and provide competition to the 
conventional tooling manufacturing methods due to their effectiveness at a lower cost. 
6.1 FEASIBILITY STUDY 
The main factors that determine the feasibility of implementing 3D printed tooling into 
current AHC manufacturing procedures are integration compatibility, time saving and extent 
of change to current layup technique such as increase in difficulty of layup procedures. 
 
The moulds that have been analysed show that the implementation of 3D printing into current 
manufacturing processes is feasible. There are minor changes to the assembly if modular 
moulds are employed. However, using singular tooling for layups has no effect to the layup 
techniques. Any changes to the layup technique still results in the entire production costs 
being reduced. Obviously, the time saving component also needs to be factored into the 
production process. Any extra time spent on layup or changes to layup technique are still 
smaller than the lead times experienced by the use of other aluminium tooling. 
 
As seen by the results of the meshing and sand infill moulds, and possible use of modular 
moulds, 3D printing is possible to be adopted as the same layup technique can be utilized for 
the layup of larger parts. The only aspect of the printing that might be limiting to 
implementation is the modular moulding with a sand infill. This theory has not been 
confirmed with experimentation. However, based on the deformation results, it is anticipated 
that the deformations will be in excess of the permitted tolerances designed for the lock and 
key model. As the fit of the ‘lock’ in the ‘key’ is the most important aspect of the model, the 
designed dimensions need to be maintained such that the movement in the x and y directions 
can be prevented once assembled. 
6.2 ECONOMIC EVALUATION 
The aim of this thesis was to evaluate the cost of tooling for traditional and rapid prototyping 
methods. Cost including start up investment costs such as equipment and required labour 
hours need to be considered in the economic evaluation of implementing 3D printing.  A 
comparison of the performance and life cycle cost is required to get a good understanding of 
the validity of results and worth of implementing these strategies into current AHC 
67 
 
manufacturing procedures. The return on the capital investment will be achieved in a lower 
number of cycles.  
 
The time spent by the workshop technicians also needs to be factored into the entire 
production process. At AHC, an approximate hourly rate for a workshop technician is 
$80/hour. Therefore, a trial production line should be considered so that a good idea of 
technician time can be factored into the values in Table 20 above. If the results show that this 
is not cost effective, the consideration of outsourcing printing to another company should be 
considered. If AHC chooses to invest in its own SLS machine, an implementation strategy 
needs to be considered so that the assets can be managed appropriately. 
 
6.3 PREFERRED DECISION 
Based on the deformation models and cost analysis however, it is clear that the PA11 mesh 
would be the better option to use for rapid prototyping of the composite tooling. This can be 
justified because although the cost is slightly more with the PA11 mesh infill, the time it 
would take to compact sand into the mould would be more than the cost of printing a mesh 
infill model, especially considering that $80/hour is the hourly salary of workshop 
technicians. Additionally, the ease of integrating additional meshing of the same material as 
the tooling into the design far outweighs the difficult of sand compaction. The difference in 
deformation is also not poor enough to render one or the other infill technique preferable to 
the other. 
 
 
 
  
68 
 
7 CONCLUSIONS 
 
The current work has investigated the use of rapid prototyping for composite tooling, with 
particular focus on the additive manufacturing technology of 3D printing. The initial stages 
involved researching an appropriate printing process and material that maintained an optimal 
performance and cost balance. The key criteria that also had to be met involved low lead 
times, and the ability to withstand high temperature curing cycles with minimal deformation. 
As a starting point, an understanding of tooling requirements within the aerospace industry 
was developed, with particular focus on the AHC tooling requirements. Past tooling failures 
at AHC were analysed to develop key requirements which define successful and reliable 
tooling. These requirements were then researched using current literature. This included key 
concepts that affect composite tooling selection such as coefficient of thermal expansion and 
heat deflection temperatures. 
 
The unidirectional carbon fibre composite M18/1 was selected as the composite for layup 
purposes in order to ensure consistency across all experimental tests. A tooling model was 
optimised with the use of different materials for meshing. Analytical models for deformation 
were created so that they could be compared to experimental data. The model was then 
printed using SLS technology so that mechanical tests could be performed to analyse the 
following: tooling material properties, deformation, form stability under cyclic loading, and 
surface roughness. A final feasibility analysis and economic evaluation has been provided to 
enable AHC to make an informed decision about implementing rapid prototyping of 
composite tooling into their current manufacturing procedures. 
7.1 FUTURE RESEARCH RECOMMENDATIONS 
The testing of the 3D printed tooling has been of a high standard, and the results are 
reasonable for preliminary testing to being on the components AHC would like to produce. 
However, for applications directly into the AHC manufacturing methods, it is recommended 
that further testing be conducted. This is suggested because as with most projects, there are 
certain limitations to the results presented in this thesis. These include: 
 Mechanical testing of the consolidated part produced was not conducted so the quality 
of the part cured from the 120°C cure cycle and 180°C post cure is not known. This is 
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especially important when considering the void content, inter-laminar shear and tensile 
strength; 
 Other low temperature cure cycles were not tested on the printed 3D tooling; 
 Higher temperature cure cycles were not investigated to see the maximum 
performance limit of the printed tooling; 
 The effect that multiple materials in the tooling e.g. casting sand within a nylon mould 
has on CTE values needs further testing e.g. summative or additive; 
 Modular moulding with infill has not been analysed but is important in order to 
determine the effect on deformation and tolerance fit; 
 Deformation trend over more than one curing cycle has not been observed. Ideally, a 
trend should be attributed to the deformation data such that a final tooling cycle, and 
life of a part, can be anticipated. This would be a better and more accurate analysis 
than the creep testing that was used to determine the effect of cyclic loading of 
deformation. 
 Cycle life before failure has not been identified. 
 
All of the above mentioned limitations can be analysed as a future research prospect. These 
and additional research areas include: 
 Higher temperature cure cycles with the PA11 tooling; 
 Deformation over several curing cycles (rather than doing a creep test) 
 Diagonal meshing (rather than the vertical and horizontal arrangement) for increased 
mechanical strength if required, and possibly less deflection; 
 FDM printing of carbon fibre parts such that they can be directly applied to aircraft 
applications which require less stringent mechanical properties including tensile 
strength, interlaminar shear etc. 
 A meeting with Dr Jerome Yueqin Wu (UQ), indicated the future direction for rapid 
prototyping beyond SLS printing to be investigated includes Incremental Sheet 
Forming (ISF) as a viable rapid prototyping technique. 
 
It is believed that if AHC chooses to implement rapid prototyping technology there will be 
financial and resource saving benefits. Prior to using the parts for entire part assemblies, it is 
important that the limitations are assessed and perhaps minimised with further testing. A 
better analysis of results should lead to more confidence in the appropriate application of 3D 
printing.  
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9 APPENDICES 
9.1 APPENDIX A – DTM SINTERSTATION 2500 PLUS 
INFORMATION 
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9.2 APPENDIX B – PA11 MATERIAL DATA SHEET 
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9.3 APPENDIX C – M18/1 MATERIAL DATA SHEET 
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9.4 APPENDIX D – PROTOTYPE MOULD DIMENSIONS 
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9.5 APPENDIX E – ANALYTICAL DEFORMATION MODELS WITH 
MESHING 
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9.6 APPENDIX F – PROTOTYPE MOULD LOAD CALCULATIONS 
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9.7 APPENDIX G – CARBON DIOXIDE (CO2) MSDS 
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9.8 APPENDIX H – PURCHASE ORDER FOR CARBON FIBRE 
MOULD SCANS 
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9.9 APPENDIX I – CREEP TESTING RAW DATA 
 
 
  
88 
 
9.10 APPENDIX J – PLASTIC AND ELASTIC DEFORMATION 
 
 
  
  Plastic deformation (mm) Elastic deformation (mm) ΔElongation (mm) 
100N Test 1? 0.20956 0.20984 0.00028 
100N Test 2 0.21520 0.21556 0.00036 
100N Test 3 0.22132 0.2216 0.00028 
200N Test 1 0.30300 0.30248 0.00052 
200N Test 2 0.23672 0.23712 0.00040 
200N Test 3 0.22352 0.22384 0.00032 
200N Test 4 0.21072 0.21100 0.00028 
200N Test 5 0.20528 0.20556 0.00028 
200N Test 6 0.22524 0.22552 0.00028 
200N Test 7 0.19908 0.19936 0.00028 
200N Test 8 0.19800 0.19836 0.00036 
200N Test 9 0.20536 0.20572 0.00036 
200N Test 10 0.19980 0.20012 0.00032 
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9.11 APPENDIX K – SOLOSIL 133 RESIN DATA SHEET 
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9.12 APPENDIX L – INITIAL AHC PROPOSED WORK BREAKDOWN 
STRUCTURE (WBS) 
 
Aim: To reduce the cost of M18/1 bidirectional prepregs via the use of cheaper tooling 
materials and rapid prototyping techniques. 
 
Preliminary Research 
  3D Printed Tooling 
  Prior art 
  How to test/ what to test (tolerances, CMM before/after each cure)  
  What can be modelled and how (dimensional mismatch, induced stresses) 
  How to combine with under-temp and post curing 
 
3D Printed Tooling 
 Model Development 
  Assumptions 
  Software 
  Integrate with above studies 
  CTE matching 
  Model thermal expansion, induced stresses 
  Confirm testing  
 Testing 
  Make samples (Mould at UQ, layup at AHC) 
  Schedule curing of samples at AHC 
  Conduct tests at UQ 
  Take pictures of failed specimens and track failure modes    
 Analysis 
  Confirm validity of tests 
  Compare to model 
  Modify model? Redo testing? 
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